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We  here  experimentally  visualize  in  situ  temporally  and  spatially  resolved  composition  and  concentration
ﬁelds  developing  inside  silica  aerogels  during  the  supercritical  drying  process.  For  the extraction  of  the
pore  liquid  ethanol  we used  supercritical  carbon  dioxide.  The  evolution  of the composition  proﬁles  inside
the  gel was  measured  via  one-dimensional  Raman  spectroscopy.  The  composition  proﬁles  were  converted
into  concentration  proﬁles  using  an equation  of state.  The  evolution  of  the  concentration  ﬁelds  shows
that  ethanol  is  continuously  transported  out  of the  gel.  On  the contrary  CO2 is ﬁrst transported  into  and  aterogel
upercritical drying
iffusion coefﬁcient
D Raman spectroscopy
n situ measurements
ass transport
ore diffusion
later drying  times  (before  the  depressurization)  out  of the  gel  structure.  The  binary  diffusion  coefﬁcient
was  derived  as  a function  of the  composition  and  found  to vary  by  two orders  of  magnitude  for  different
stages  of the  drying  process.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
Aerogels are a diverse class of ultralight solid materials known
or their combination of remarkable properties such as very low
hermal conductivity [1–4], ultra-low dielectric constant [5], high
ptical transmission [4], low index of refraction [6], and very low
ound speed or acoustic impedance [6,7], making them attractive
or wide areas of application. These tunable properties have been
ttributed mainly to their porous structures, which result in an
xtremely low density and large speciﬁc surface area of aerogels.
erogels are products resulting from a transformation of a wet  gel
nto its dried form while preserving most of its primitive porous
ackbone. With respect to silica gels, the gel is ﬁrst synthesized
ia the sol–gel technology that tailors its molecular composition.
∗ Corresponding author at: Erlangen Graduate School in Advanced Optical
echnologies (SAOT), Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU),
aul-Gordan-Str. 6, 91052 Erlangen, Germany.
E-mail address: Andreas.Braeuer@fau.de (A. Braeuer).
ttp://dx.doi.org/10.1016/j.supﬂu.2015.10.011
896-8446/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uAfter an aging and washing processes the porous silica structure of
the wet gel is strengthened and the pores of the gels remain solely
ﬁlled with the pore liquid, typically an organic solvent. In our case
the pore liquid is ethanol. If the wet gel is dried under circumstances
where capillary forces cause the partial collapse of the porous silica
structure [6,8] the dry and then usually wrinkled gels are referred
to as xerogels or cryogels. Thus, in order to preserve the porous
structure of the gel, the gel can be dried according to the super-
critical drying approach where no capillary forces emerge [9–11].
First the organic solvent is extracted from the gel using compressed
CO2 at operational conditions above the mixture critical point of
the mixture of pore liquid and CO2. This ensures the extraction in
a single-phase mixing process where no liquid–gas interfaces and
thus no capillary forces can emerge. After the complete substitu-
tion of the organic solvent with CO2, the CO2 can be released also in
a single-phase process during slow depressurization at operational
conditions above its critical temperature. What remains is a dried
gel, whose pores are directly after the drying process ﬁlled with
CO2. When the dry gel is exposed to air the CO2 is exchanged by air
and the gel is referred to as aerogel.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In fact, the price of drying an aerogel plate increases exponen-
ially with its thickness [12]. Thus, for the optimization, design, and
cale-up of aerogel drying in large-scale application, the knowledge
f the mass transport mechanisms is extremely useful, for instance,
o maximize yield while keeping the production and operational
ost low. Although there have been experimental investigations to
stimate the effective diffusion or mass transport coefﬁcients dur-
ng aerogel drying [9–11,13,14], there are no measurement data
vailable directly revealing the mass transport mechanisms tak-
ng place inside the porous structure of the gel. Therefore in this
aper, we utilize a one-dimensional Raman spectroscopy tech-
ique for the in situ quantiﬁcation of temporally resolved local
oncentration proﬁles inside the silica gel during the drying pro-
ess. A very similar technique was previously applied by others in
rder to derive the binary diffusion coefﬁcients from the measured
omposition proﬁles of miscible liquids at ambient conditions
15–18] and by our group for the quantiﬁcation of the diffusion
oefﬁcients in binary system of pendant drops at elevated pres-
ures in cases of both, steady-state and unsteady-state conditions
19,20]. Nuclear magnetic resonance has recently been applied in
rder to measure the self-diffusion of methanol and ethanol in sil-
ca gels and in order to image the pore liquid density (methanol)
t different drying times [21]. When the gel was  dried in CO2 at
.8 MPa  and 293 K, Behr et al. [21] derived from the decay of the
mount of methanol contained in the gel structure an effective dif-
usion coefﬁcient which they called transport diffusion coefﬁcient
f (2.4 ± 0.2) × 10−9 m2 s−1.
ig. 1. Sketch of the measurement and evaluation strategy for the in situ analysis of the 
re  recorded locally resolved along the one-dimensional probe volume. Then the composi
 calibration. Then the molar fractions are converted into concentrations of the mixture cm
inally mass transport mechanisms can be deduced from the evolution of the concentratil Fluids 108 (2016) 1–12
Fig. 1 provides an overview of the measurement and evaluation
strategy applied for the analysis of the mass transport mechanisms
during supercritical aerogel drying. The structure of the manuscript
also follows the structure shown in Fig. 1. Ethanol, which is the
pore liquid, is extracted from the silica gel using compressed CO2
at a pressure of 9.0 MPa  and a temperature of 318.15 K. Using a one-
dimensional Raman technique, Raman spectra from many different
measurement locations aligned along one line (one-dimensional
probe volume in Fig. 1) are measured during the drying process
and recorded as one image. Therefore in the stack of Raman spectra
arrays (images) in the top of Fig. 1 each image represents one time
instance at which a proﬁle along the probe volume is measured
(Details follow in the experimental section). The Raman spectra
are – after a calibration of the Raman spectra vs. the composition
of the mixture ethanol + CO2 – converted into composition proﬁles
xCO2 . Applying a concentration optimized Soave–Redlich–Kwong
equation of state, the composition proﬁles xCO2 are converted into
concentration proﬁles. From the evolution of the concentration
proﬁles the mass transport of CO2 and ethanol into and out of the
gel is analyzed.
2. Experiment2.1. Materials
Silica gels were manufactured by KEEY Aerogel S.A.S. from
Polyethoxydisiloxane (PEDS) precursor, a pre-polymerized sol
mass transport mechanism during the aerogel drying process. First Raman spectra
tion proﬁle is computed as molar fractions xCO2 from the many Raman spectra after
ixture, ethanol cEtOH and CO2 cCO2 using the Soave–Redlich–Kwong equation of state.
on proﬁles.
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Fig. 2. (a) Sketch of the complete experimental setup. The silica gel is dried inside the high-pressure chamber (HPC). The pressure- and temperature-regulated (pT) HPC is
supplied with CO2 from the syringe pump (SP) and pressure-stabilized by the back-pressure regulator (BPR). The excitation of Raman scattered signals is carried out by the
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Taser  beam, aperture (A), mirror (M), focusing lens (L) and the beam dump (BD). (b)
ichoric mirror (DM), long pass ﬁlter (LP), polarization analyzer (PA), spectrometer
ased on Tetraethoxysilane (TEOS), modiﬁed from Rigacci et al.
22,23] and characterized by Wong et al. [24]. A research grade
f commercial P75E20 precursor (PEDS – 20 w/w.%  SiO2 content
n ethanol) was kindly provided by PCAS (France). Synthesis was
erformed by diluting 38.5 vol.% of PEDS sol in a 59.2 vol.% solvent
ixture composed of ethanol (99.8% purity, Fluka) and 2-propanol
99.5% purity, Sigma–Aldrich) with 1 vol.% of distilled water (C+V
harma-Depot). The mixture was stirred to complete hydrolysis.
elation was induced by adding 1.3 vol.% of ammonium hydrox-
de (28.0–30.0 vol.%, Sigma–Aldrich) during vigorous stirring. Sols
ere casted in the molds and closed to avoid further evaporation
f the solvent. Gelation is performed within 5–10 min  at room con-
itions. The gels were kept overnight to complete aging followed
y a washing step with ethanol to eliminate impurities. The gel
s in cylindrical shape with a diameter and height of 15 mm each.
arbon dioxide was supplied by Linde with a purity of 99.5%. Prior
o the experiments, silica gels were washed with and soaked in
thanol another time (99.9% purity, Uvasol®, Merck). As we  did not
bserve 2-propanol in the Raman spectra we recorded from the
el, we assume that 2-propanol had been eliminated to a negligible
ontent from the gel. All other substances were used without any
urther treatment.
.2. Experimental setup
A sketch of the experimental Raman setup for the in situ mea-
urement of the supercritical drying of the gel is shown in Fig. 2(a).
he setup can be classiﬁed into three parts:
(1) The extractor plant part in form of a high-pressure cham-
er (HPC) where the drying of silica gel takes place, (2) the optical
xcitation part where the Raman signals are excited and scattered,
nd (3) the optical detection part where the Raman spectra are
ollected from many points along one line and stored in a form
f an image. The cubic HPC having an internal volume of 90 mL
an hold pressures of up to 20 MPa  and can be conditioned up to
53 K. The temperature inside the HPC is regulated by four elec-
rical heating cartridges embedded horizontally near its edges.
o ensure that the temperature within the HPC is maintainedand side-view of the detection part consisting of achromatic lenses (AC1 and AC2),
harge-coupled device (CCD) detectors.
throughout the adjusted extraction temperature of the drying pro-
cess, a separate Pt100 resistance thermometer is suspended inside
of the HPC for real-time monitoring and recording of the temper-
ature at the gel surroundings. Furthermore, a pressure sensor is
installed, its readings are recorded by a computer in order to also
visualize the pressure proﬁle in real-time. Pressure and temper-
ature sensors are indicated in Fig. 2 as (pT). The HPC is supplied
with CO2 from the syringe pump (SP) via an inlet on one side. On
the opposite side an outlet serves as pathway for the ethanol + CO2
mixture. The outlet is attached to the back-pressure regulator (BPR),
which ensures stabilization of the pressure inside of the HPC and
is used for regulating the depressurization rate during venting off
the remaining CO2.
2.3. Drying procedure
The ﬁrst step in the experiments is to load the silica gel inside the
HPC, which initially is completely ﬁlled with fresh ethanol solvent.
The excess ethanol acts as a buffer to prevent premature evap-
oration of the solvent from the gel before being in contact with
the supercritical CO2. The gel is positioned upright resting on a
cylindrical glass plate inside the HPC, as it is sketched in Fig. 4.
Careful positioning is vital to ensure that the laser beam can later
on pass axially through the windows of the HPC from the top to
the bottom surfaces of the cylindrical gel. Afterwards, the HPC is
closed, heated to the desired temperature of 318.15 K and ﬁrstly
pressurized with ethanol to the desired pressure of 9.0 MPa. Then
at isobaric and isothermal conditions CO2 is ﬂushed with a ﬂow
rate of 2 mL  min−1 (ﬂowrate speciﬁed for 273 K and 9 MPa) into the
HPC to wash out the excess ethanol via the bottom of the HPC. As
the CO2 enters the HPC from the top, a CO2-rich mixture accumu-
lates on top of an ethanol-rich mixture. At the set pressure and
temperature both ﬂuids are homogeneously miscible, but with-
out any agitation the mixing layer between both stratiﬁed layers
is clearly visible due to the strong refractive index gradient. The
more CO2 is added, the farther the ethanol-rich mixture is shifted
via the bottom outside of the chamber. When the clearly visible
gradient between both layers reaches the bottom of the HPC the
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eig. 3. Photograph of the silica gel in the high pressure chamber during the drying
rocess. The laser beam waist is visible outside and inside the gel at 9 MPa  and 318 K.
xcess ethanol is considered to be replaced by CO2. Afterwards
O2 is continuously ﬂushed with 1 mL  min−1 at again isothermal
nd isobaric conditions through the HPC in order to extract the
ore liquid from the gel structure. During the ﬁrst fast washing
eriod and the subsequent extraction period the evolution of the
omposition proﬁles along the one-dimensional probe volume is
ecorded with the Raman experiment. As soon as the “ﬁngerprint”
f the ethanol has vanished in the Raman spectra recorded from
he gel’s interior, the optical measurements as well as the extrac-
ion process are stopped; the discontinuance of this signal serves as
ndication that the ethanol has completely been removed out of the
el. Afterwards, the CO2 is slowly vented off the HPC at a depres-
urization rate of 0.03 MPa  min−1 and at isothermal T = 318.15 K
onditions, before the dried gel is taken out of the HPC. No Raman
easurements are carried out during the depressurization period.
.4. Raman measurement procedure
For the excitation of Raman signals, a continuous-wave
requency-doubled Nd:YVO4 laser operating at a wavelength of
32 nm and with a laser power of 0.5 W is used. The s-polarized
aser beam is directed along the gel axis using a mirror (M)  and is
hen focused into the gel through a focusing lens (L, f = 150 mm,
 = 50 mm).  In the vicinity of the focus the beam forms a waist
hich can be approximated as a narrow cylinder positioned verti-
ally along the axis of the silica gel as it is shown in the photograph
n Fig. 3.
The Raman signals originating from molecules present inside
his thin cylinder are recorded simultaneously and spatially
esolved. This thin cylinder, whose radius is approximately the laser
eam waist (100 m),  is hereby regarded as the one-dimensional
1D) measurement probe volume. At an angle of 90◦ relative to the
robe axis, scattered light passing through the third window of the
PC is collected spatially resolved and imaged with the use of two
chromatic lenses with identical features (AC1 and AC2, f = 200 mm,
 = 50 mm)  onto the vertically oriented slit of an imaging spectrom-
ter. Between these two achromatic lenses, a dichroic mirror (DM)
s placed in order to separate the relevant Raman scattered light
rom the elastically scattered light. The elastically scattered light
e use for imaging the positioning of the gel relative to the probe
olume (laser beam) with a CCD-camera (CCD-1 in Fig. 2). Fig. 3 was
cquired with this camera. Next to the DM a “Razor-edge” long-pass
lter (LP) is installed, which further suppresses elastically scattered
ight. Only the s-polarized component of Raman signal is detected,
hich is ensured by a Glan polarizer in front of the slit of the spec-
rometer. The Raman signals are detected using a back-illuminated
wo-dimensional charge-coupled-device camera (CCD-2 in Fig. 2,
ewton from Andor) with a quantum efﬁciency of at least 90%
n the visible spectral range mounted on a Shamrock 303i spec-
rograph equipped with a 1200 L mm−1 grating. The CCD-camera
xhibits 1600 (columns) × 400 (rows) pixels, each pixel having anl Fluids 108 (2016) 1–12
edge length of 16 m × 16 m.  The columns of the camera serve to
resolve the spectral dimension while the rows (with a total length
of 6.40 mm = 400 × 16 m)  serve to resolve the spatial dimension.
As a trade-off between a good signal-to-noise ratio (SNR) and spa-
tial resolution, 2 and 10 pixels are binned along the spectral and
the spatial axis, respectively, to form 800 superpixels (1600/2) for
the spectral axis and 40 superpixels (400/10) for the spatial axis
resulting in a spatial resolution of 160 m.  Therefore, at one time
instant, i.e. during one measurement event, as many Raman spec-
tra can be recorded simultaneously as there are binned pixel rows
on the CCD chip (40), and each of the 40 Raman spectra consists
of 800 data points (number of binned columns). These 40 Raman
spectra are thus recorded as one image. Each of the 40 Raman spec-
tra corresponds to a different location from the one-dimensional
probe volume (see Fig. 4 bottom left). Fig. 4 shows a detailed
sketch of the HPC together with the position of the laser beam
and the one-dimensional probe volume relative to the gel in order
to explain how the Raman spectra recorded from different loca-
tions within the probe volume are interpreted at different drying
times.
In order to demonstrate how these Raman spectra vary locally
and temporally, we  take three representative Raman spectra origi-
nating from three points indicated by three blue dots representing
regions 1, 2 and 3. For these three points we consider the Raman
spectra recorded simultaneously for each of the times t1, t2 and t3.
At time t1 we  detect the Fermi dyad Raman signal of CO2 (high-
lighted in red) outside the gel, while inside the gel the Raman
spectrum of ethanol (highlighted in green) is detected. The com-
position at region 1 remains uniform throughout the remaining
drying time, as the HPC is continuously purged with fresh CO2.
Meanwhile, looking at the composition inside the gel (regions 2
and 3), it is seen that at time t2 the coexistence of CO2 and ethanol
inside the gel is observed, where region 2 exhibits a higher con-
tent of CO2 than region 3 as it may  be deduced from the Raman
spectra. In region 2 the Raman signal of CO2 relative to ethanol
increases faster than in region 3 as region 2 is closer to the gel
boundary and therefore features shorter mass transport pathways.
At time t3 the Raman spectra recorded from regions 1, 2 and 3 only
show the Raman characteristics of CO2. Therefore the drying pro-
cess at time t3 can be considered as completed for all regions. The
silica gel did not show any Raman signals in the respective spectral
range.
Finally it has to be described why  the one-dimensional probe
volume was  positioned perpendicularly to the top surface and also
in the center of the gel, as it is indicated in the insert at the bottom
left in Fig. 4. With this arrangement each point along the 6.4 mm
long one-dimensional probe volume (0.64 mm outside the gel and
5.76 mm inside the gel) is closer to the plane top surface of the gel
than to the side surfaces of the gel. The distance to the side surface
of the gel cylinder is approximately 7.5 mm.  Therefore, the mass
transport pathways from the side surface (7.5 mm)  to the probe vol-
ume  are longer than those from the top surface to the measurement
locations inside the gel. Thus it can be assumed that the change of
the composition we  detect inside the gel at a location within the
one-dimensional probe volume mainly results from mass transport
coming from or going to the top surface of the aerogel. Anticipating
this, the model-based computation of the binary diffusion coefﬁ-
cient is more straightforward. Summarizing, because of the central
and perpendicular positioning of the one-dimensional probe vol-
ume  relative to the plane top surface of the gel we assume that the
approximation of the drying process as a one-dimensional mass
transport problem is justiﬁed. This approximation of course has
to be further investigated experimentally or numerically in future
studies, and for future analysis of the aerogel drying, a cylindrical
shape with an even higher radius/height ratio would be favorable.
The applicability of the one-dimensional mass transport problem
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Fig. 4. Illustration of the evolution of the Raman spectra at various locations relative to the silica gel: outside the gel (region 1); inside the gel but close to the gel’s boundary
(region  2); and deep inside the gel (region 3). Raman spectra are acquired simultaneously at each of these positions and for various times indicated as t1, t2 and t3. Bottom part
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ill also be discussed in the context of the derived effective binary
iffusion coefﬁcients.
. Results and discussions
.1. Spectral analysis and calibration
For the determination of the mixture composition – here in the
orm of the CO2 molar fraction – we ﬁrst have to calibrate Raman
pectra as a function of the composition in deﬁned mixtures of
thanol and CO2 at T = 318 K and p = 9.0 MPa. The deﬁned mixtures
ere adjusted – with an uncertainty of xCO2 ± 0.003 – feeding well-
nown amounts of substance of ethanol and CO2 with two  high
recision high pressure syringe pumps (Teledyne ISCO) into the
ell, while the ﬂuid inside was agitated.
As an example, Fig. 5 shows the Raman spectrum taken from a
ixture of ethanol and CO2 (xCO2 = 0.2) as solid gray line.
The Raman spectrum of pure ethanol is provided as dashed
lack line. Both, the Raman spectra of pure ethanol (EtOH) and of
he mixture are normalized to the intensity (area) of the (C C)
tretch vibration Raman signal peak of ethanol. The red spec-
rum represents the difference between the gray and the black
ashed spectrum. As the Raman spectrum of the mixture is com-
osed of contributions of ethanol and CO2, and as we  subtract the
ormalized contribution of pure ethanol, the difference spectrum
epresents the portion of CO2 in the Raman spectrum of the mix-
ure. Therefore the intensity (area) of the Fermi dyad of CO2 at
l(CO2) and u(CO2) in the red spectrum provides the amount of
O2 relative to ethanol – due to the previous normalization to the
(C C) stretch vibration Raman signal peak of ethanol. It has toer beam indicated in red), which is 6.4 mm in length, relative to the gel dimension.
tation of the references to color in this ﬁgure legend, the reader is referred to the
be mentioned here that the silica (gel material) does not have any
Raman signal in the spectral region we  analyze. Therefore the cali-
bration measurements carried out in mixtures of ethanol and CO2
can be transferred to the evaluation of mixture compositions inside
the gel.
The intensity ratio
REtOH/CO2 =
IEtOH
ICO2
= nEtOH · kEtOH
nCO2 · kCO2
(1)
of the Raman signals of ethanol IEtOH and CO2 ICO2 is known to be
proportional to the ratio of the number of substance of both species,
where kEtOH and kCO2 are proportionality constants. This equation
can be transformed to
xCO2 =
1
1 + REtOH/CO2 · kCO2/EtOH
, (2)
where the calibration factor kCO2/EtOH is the ratio of kCO2 to kEtOH,
xCO2 deﬁnes the composition of the binary mixture ethanol + CO2
and REtOH/CO2 is the Raman signal intensity ratio. From the calibra-
tion of REtOH/CO2 vs. xCO2 , the calibration factor kCO2/EtOH = 2.143
is derived. Fig. 4 shows the calibration points as open circles, the
calibration Eq. (2) as black solid line and the derived mole fraction
of CO2 plotted in blue.
As we  were able to ﬁt Eq. (2) with a very good agreement
(coefﬁcient of determination is 0.999) to the eight experimen-
tally measured intensity ratios REtOH/CO2 we  did not make any
further calibration measurements. The black curve intersects each
experimental measurement symbol. From previous experiments at
similar conditions we  know that that the standard deviation of the
intensity ratio REtOH/CO2 is smaller than the size of the symbols we
6 J. Quin˜o et al. / J. of Supercritica
Fig. 5. Example of a Raman spectrum measured in silica gel at 318.15 K and 9.0 MPa
(solid gray curve). The Raman spectrum of pure ethanol (EtOH) at this condition
(dashed black curve) is subtracted from the measured spectrum in order to obtain
the Raman signal contribution of pure CO2 (solid red curve). Silica does not evolve
a  Raman signal in this spectral range. (For interpretation of the references to color
in  this ﬁgure legend, the reader is referred to the web  version of this article.)
Fig. 6. Calibrated Raman signal intensity ratios REtOH/CO2 as a function of the set
molar composition xCO2 of the binary ethanol + CO2 mixtures. Predicted over mea-
sured molar fraction of CO2 (blue curve) during the calibration (black curve) of binary
system composed of CO2 and ethanol. Solid discs and triangles represent the mea-
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Cured data points while the solid lines represent the ﬁt according to Eq. (2). (For
nterpretation of the references to color in this ﬁgure legend, the reader is referred
o  the web version of this article.)
se in Fig. 6 and that binary mixture composition can in the worst
ase be evaluated with ±0.003 molar fraction.
.2. Composition and concentration proﬁles
As an example, Fig. 7 left shows the temporal evolution of the
easured composition proﬁle along the one-dimensional probe
olume for one drying experiment (9 MPa  and 318 K).
On the right side one can see four examples of composition pro-
les extracted for the times t = 0, t = 30 min, t = 40 min, t = 60 min
nd t = 125 min. At t = 0 the CO2 has not yet been fed into the dry-
ng chamber. Therefore there is solely pure ethanol both within
he gel and outside of the gel, which corresponds to xCO2 = 0.
hen, fresh CO2 is purged continuously at a constant pressure
hrough the HPC in order to ﬂush the excess of ethanol out. At
 = 30 min  we can see that the mixture outside the gel is rich in
O2 as the excess of ethanol had already been washed out of thel Fluids 108 (2016) 1–12
HPC at t = 25 min. At the position 0.0 mm,  which is outside the
gel we can see for measurement times before t = 25 min  that the
mixture composition changes quasi in steps. This is due to the
stratiﬁcation of layers of different mixture compositions which
develop as the fresh CO2 is added via the top into the HPC. The
continuous addition of new CO2 moves the stratiﬁed layers from
the top to the bottom exit of the HPC and thus also moves these
layers through the measurement locations outside the gel. Already
before t = 25 min  we observe that the composition inside the gel
became richer in CO2. At t = 40 min  and t = 60 min the compositions
inside and outside the gel have become even richer in CO2 indi-
cating that the exchange of ethanol with CO2 is going on. With
increasing time the composition proﬁles move toward higher CO2
molar fractions xCO2 . Of course, due to the shorter mass transport
pathways the molar fractions xCO2 increase faster for measurement
locations closer to the gel boundary. At t = 125 min  the composi-
tion proﬁle xCO2 ≈ 1 indicates that all (at least within the detection
limit of xEtOH = 0.03) the ethanol that initially occupied the pores
of the gel has been replaced by CO2. The extraction process can
be considered as completed. When comparing the molar fraction
proﬁles shown in the right part of Fig. 7 for the two  instants
t = 0 min  and t = 60 min  and for the other two  instants t = 60 min
and t = 125 min  it makes clear that during the ﬁrst 60 min  the com-
position inside the gel changes much more than during the last
65 min.
Usually the analysis of mass transport phenomena is based on
concentration proﬁles and not on composition proﬁles. To this
end the composition proﬁles, which are directly accessible via the
Raman measurement technique have to be converted into concen-
trations. On this account Fig. 8 shows for p = 9 MPa  and T = 318 K
the concentrations of the mixture cmixture and the concentration
of CO2 cCO2 and ethanol cEtOH computed as a function of the CO2
molar fraction using the volume-translated SRK-EOS. The deriva-
tion of the volume-translated SRK-EOS is described in Appendix
A.
In regimes 1 and 2, both speciﬁed in Fig. 8, cCO2 increases with
increasing xCO2 , while cEtOH decreases. While in regime 1 cCO2
increases faster than cEtOH decreases, in regime 2 it is the other way
round and cEtOH decreases faster than cCO2 increases. In regime 3
both concentrations, cCO2 and cEtOH decrease with increasing xCO2 .
Considering that before the start of the drying process each pore
inside the gel is ﬁlled with ethanol (left border in Fig. 8) and that
after the completion of the drying process each pore is ﬁlled solely
with CO2 (right border in Fig. 8), the course of the curves in Fig. 8
alone contains a lot of valuable information about the involved
mass transport processes. During the drying process the concen-
trations of ethanol and CO2 contained inside the pores of the gel
follow exactly the course which is shown in Fig. 8 on its way  from
pure ethanol to pure CO2 at 9 MPa  and 318 K. Thus let us consider
the ﬂuid contained within one pore with the pore located anywhere
in the gel. In this example-pore the ethanol concentration decreases
continuously during the entire drying process. So we can conclude
that from this pore more ethanol is transported into its environ-
ment than at the same time is transferred from its environment into
this pore. The environment of this pore is the neighboring pores.
This is different for the CO2 concentration. First in regimes 1 and 2
with respect to Fig. 8 the CO2 concentration increases within this
pore until a maximum CO2 concentration is reached. Thus we can
conclude that in regimes 1 and 2 more CO2 is transported from
the environment of the pore into this pore than at the same time
is transported from the pore into its environment. This tendency
turns at the transition from regime 2 to regime 3. In regime 3 the
CO2 concentration decreases which means that now more CO2 is
transported from the pore into its environment than what is trans-
ported during the same time from the environment into the pore.
We now can summarize that only in regimes 1 and 2 the ethanol,
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Fig. 7. Evolution of the composition proﬁle xCO2 for drying conditions T = 318 K and p = 9 
(right). The photograph of the gel inside the HPC is rotated 90◦ clockwise.
Fig. 8. Concentrations of the mixture cmixture (black line), of CO2 cCO2 (red line) and
of  ethanol c (blue line) as a function of the mixture composition x at T = 318 K
a
r
w
a
t
o
t
1, in which the effective CO mass transfer into the gel exceeds theEtOH CO2
nd  p = 9 MPa. (For interpretation of the references to color in this ﬁgure legend, the
eader is referred to the web  version of this article.)
hich initially occupies the pores, is replaced by CO2 (ethanol out
nd CO2 in), while in regime 3 ethanol as well as CO2 are effectively
ransported out of the pore.
Fig. 9 shows the effective (net) ﬂows of ethanol and CO2 into and
ut of the pore in regimes 1–3. The width of the arrows is supposed
o represent the magnitude of one ﬂow with respect to the other.MPa  (left), and some composition proﬁles extracted for 4 different instants of time
This means that in regime 3 more CO2 and more ethanol are
transported from the pore into its environment than what are trans-
ported during the same time from the environment into this pore.
Furthermore we  can see from Figs. 8 and 9 that in regime 3 more CO2
than ethanol leaves the pore. Thus in regime 3 it is no longer appro-
priate to speak about a “replacement of ethanol by CO2”. In fact
under isothermal and isobaric conditions the ﬂuid system inside
the pore has to follow the curves shown in Fig. 8. Consequently in
regime 3 ethanol can only be effectively transported out of the pore
if simultaneously also a certain amount of CO2 is transported effec-
tively out of the pore. Only then the concentration of the mixture,
which is the black curve in Fig. 8, can take the shown course.
Considering the relation between the concentrations and the
molar fractions shown in Fig. 8, we can convert the composition
proﬁles shown in Fig. 7 into the three concentration proﬁles shown
in Fig. 10.
It can be seen that during the entire process of drying, the
ethanol concentration cEtOH continuously decreases until all of the
ethanol is extracted out of the gel. Simultaneously, the CO2 concen-
tration cCO2 ﬁrst increases, reaches a maximum and then decreases
until the gel is completely ﬁlled with CO2, i.e. xCO2 = 1. The summa-
tion of the evolutions of both concentration proﬁles cCO2 and cEtOH
results in the evolution of the proﬁle of the concentration of the
mixture cmixture. The three regimes classiﬁed in Fig. 8 can also be
found in Fig. 10. Early drying times, this is before the maximum mix-
ture concentration cmixture = max  is reached, correspond to regime2
effective ethanol mass transfer out of the gel. Then in regime 2,
this is the time period between cmixture = max  and cCO2 = max,  CO2
still is effectively transported into the gel, but with a molar mass
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Fig. 9. Schematic illustration of the effective (net) ﬂows of CO2 and ethanol (EtOH) into a
Fig. 10. Evolution of the concentration proﬁles for the mixture, for ethanol and for
CO2 for drying conditions T = 318 K and p = 9 MPa.nd out of one pore of the silica gel in regimes 1–3. The regimes are deﬁned in Fig. 8.
transport rate smaller than that of ethanol out of the gel. Regime
3 corresponds to drying times after cCO2 = max,  when both com-
pounds, CO2 and ethanol, are effectively transported out of the gel.
This means again that in regimes 1 and 2 the effective ﬂows of CO2
and ethanol are counter current, while in regime 3 they are both
directed out of the gel.
3.3. Effective diffusion coefﬁcients
It has to be pointed out that due to the presence of the pores
inside the gel, which for the gels studied here are typically in the
range from 30 to 40 nm,  only the determination of an effective
binary diffusion coefﬁcient is possible. Within this study we did
not analyze the inﬂuence of the pore size onto the mass transport.
Sanz-Moral et al. [10] reported that the silica gel did not remarkably
change its size during the drying process. We  also did not observe a
signiﬁcant change of the gel’s size during the drying process, which
we continuously monitored with CCD-1. Thus we assume that dur-
ing the drying process also the pore size remains constant. The
effective binary diffusion coefﬁcient Deff,ij is determined by ﬁtting
computed evolutions of concentration proﬁles to the experimen-
tally measured evolutions. In this context second Fick’s law
∂c∗
i
(z∗, t)
∂t
= Deff,ij
∂2c∗
i
(z∗, t)
∂z∗2
(3)
is employed for the computation of the concentration proﬁles.
Fick’s ﬁrst and second laws are applicable only in coordinate sys-
tems in which either the mass, the amount of substance or the
volume of the mixture remain constant during the diffusion or
mixing process. Unfortunately, Fig. 7 shows that during the mix-
ing process of ethanol and CO2 neither of these quantities remains
constant. Therefore we had to convert the coordinate system and
the concentration proﬁles in order to keep one quantity constant
as the reference system. Here we  follow the approach described by
Crank [25] and successfully employed by Bardow et al. [15], who
exactly like us computed the binary diffusion coefﬁcient from a
system not featuring a constant reference frame in the coordinate
system of the laboratory. We  decided to choose the total amount
of substance as a reference, as with the Raman sensor we directly
access the molar fraction, which in the denominator also uses the
total amount of substance as reference. According to this routine
the new spatial increment
dz∗ = cmixture(z) · v0EtOH · dz (4)
is a function of the spatial increment of the previous spatial scale
dz, the concentration of the mixture cmixture at the position z and a
constant reference volume, which can be chosen arbitrarily. Here
the molar volume of ethanol v0EtOH = 16.89 L mol
−1 at 9 MPa  and
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F nd position (left). The data points (blue dots) are superimposed with the best surface ﬁt.
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Fig. 12. Position of the regions of interest (ROIs) we  scanned across the concentra-ig. 11. CO2 concentration (converted using Eqs. (4) and (5)) as a function of time a
he  corresponding residual plot is shown on the right (inset on the right side show
18.15 K is chosen as the reference volume. For this reference frame
f a constant total amount of substance, in a second step the rele-
ant concentrations also have to be computed according to
∗
CO2
= xCO2
v0EtOH
. (5)
It should be mentioned here that due to the conversion of the
aboratory coordinate system into the new reference frame, which
s solely based on the consideration of the amount of substance,
ven a swelling or shrinkage of the gel would neither impact the
eliability of the evaluation approach nor the reliability of the
btained binary diffusion coefﬁcients. But of course one always has
o be aware of the fact that the mass transport takes place in a
orous system in which the size of the pores can inﬂuence the mass
ransport.
For ﬁtting computed evolutions of concentration proﬁles to the
xperimentally measured evolutions shown before in Fig. 10 we
nly considered measurement locations between 2.56 and 6.4 mm,
hich are deﬁnitely inside the gel structure. Furthermore, also
efore the ﬁtting procedure, the experimentally measured con-
entration proﬁles were smoothened using a median ﬁlter on ﬁve
spatial) times ﬁve (temporal) measurement data. Consequently
wo measurement locations on the left and on the right margin
f the evaluation window got lost, which reduces the original
t region from 2.56–6.4 mm to 2.88–6.08 mm.  The minimization
etween the computed f (z∗, tj, Deff,CO2/EtOH) and the measured evo-
utions c∗CO2 (z
∗, tj) of the concentration proﬁles was realized using
 Levenberg–Marquardt optimization algorithm
∑
ocations
∑
time
[
c∗CO2 (z
∗, tj) − f (z∗, tj, Deff,CO2/EtOH)
] Deff,CO2/EtOH︷︸︸︷→ min  (6)
here f (z∗, tj, Deff,CO2/EtOH) denotes the computed evolution of the
oncentration proﬁle for CO2 and DCO2/EtOH the effective binary dif-
usion coefﬁcient. Here tj refers to the measurement time. Examples
f the best surface ﬁt for the measurements at 318 K and 9.0 MPa
re show in Fig. 11. The blue data points indicate the experimental
ata (smoothened by the median ﬁlter) while the surface color map
ndicates the best surface ﬁt. The resulting residuals at each position
nd time are plotted in Fig. 11 on the right side. The residual is com-
uted from the difference between the measured data c∗CO2 (z
∗, tj)
o the ﬁtted data f (z∗, tj, DCO2/EtOH). The maximum residual, which
as observed at around 50 min, is less than 4%.
The resulting best ﬁt effective binary diffusion coefﬁcient is
eff,CO2/EtOH = 4.68 × 10
−9 m2 s−1. Of course, in general also thevolutions of the ethanol concentrations c∗EtOH can be considered
or the derivation of the effective binary diffusion coefﬁcient of
thanol in CO2 Deff,EtOH/CO2 . Due to the installation of a refer-
nce frame of constant total amount of substance the effectivetion maps for the evaluation of concentration dependent diffusion coefﬁcients. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to  the web  version of this article.)
binary diffusion coefﬁcients Deff,CO2/EtOH and Deff,EtOH/CO2 are and
must be identical. The order of magnitude of the effective binary
diffusion coefﬁcient derived here is in agreement with litera-
ture data obtained in similar systems [13] (DEtOH,literature: from
3 × 10−9 m2 s−1 to 5.5 × 10−9 m2 s−1 and with NMR  for methanol
[21] (Dtransport = (2.4 ± 0.2) · 10−9 m2 s−1).
3.4. Concentration-dependent diffusion coefﬁcients
It is well known that the diffusion coefﬁcient is a function of the
concentration. This concentration dependency is not regarded in
the previous section, where we  ﬁtted one effective binary diffusion
coefﬁcient, irrespectively of the different concentrations emerging
within the gel during the drying process. Now we want to eval-
uate the effective binary diffusion coefﬁcient as a function of the
concentration or of the composition. Therefore, as it is indicated
in Fig. 12, we  split the entire surface color map  representing the
measured concentrations in Fig. 10, into subsections, which we call
regions of interest (ROI). Each ROI corresponds to a measurement
time period of 22.5 min  (45 subsequent measurements) and a local
extension of 3.52 mm  (22 measurement locations). The ROIs can
be scanned across the entire drying process in time and in space,
meaning that different ROIs may overlap (shown in Fig. 12 as an
example for three ROIs). For each ROI we then can determine a
mean concentration cCO2 and cEtOH or a mean composition xCO2 .
Then we  use the same ﬁt procedure as described in the section
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Fig. 13. Composition dependent effective binary diffusion coefﬁcients at 318 K
and  9.0 MPa  computed for scanning in time ROI1 (triangles), ROI2 (crosses), ROI3
(squares) and ROI4 (circles), which are indicated in Fig. 12 for two  time instants.
Gray bar shows range of diffusion coefﬁcients reported for aerogel drying in Ref.
[13]. Red open diamonds report diffusion coefﬁcients of organic solutes in CO2 at
densities similar to the one at 9 MPa  and 318 K [26–29]. (For interpretation of the
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mass transport mechanisms. We  conclude that in next steps one caneferences to color in this ﬁgure legend, the reader is referred to the web version of
his  article.)
bove, but this time only within the ROI, and as a result get the
ffective binary diffusion coefﬁcients for each ROI. Finally, the
est ﬁt effective binary diffusion coefﬁcients are correlated versus
omposition, as it is shown in Fig. 13. It has to be mentioned
hat according to Fig. 12 the concentrations of the measurement
ocations contained within one ROI span a rather wide range. Unfor-
unately for smaller ROIs the optimization-ﬁt-algorithm did not
onverge and thus aborted. Also for measurement times before
5 min, this is during the removal of the excess of ethanol from
he vessel, the optimization-ﬁt-algorithm aborted for several ROIs.
herefore Fig. 13 shows the diffusion coefﬁcients for measurement
imes later than 25 min, for which the mean CO2 molar fraction
ithin one ROI has already reached values above 0.4.
In Fig. 13 each black symbol shows one effective binary dif-
usion coefﬁcient computed for one ROI, whose mean CO2 molar
raction xCO2 is given on the abscissa. The four different data rows
esult from scanning the four different ROIs shown in Fig. 12 in
ime across the concentration ﬁeld. The gray bar indicates the
ange of temporally averaged diffusion coefﬁcients reported for
upercritical drying in ref [13]. The red open rhombs provide dif-
usion coefﬁcients reported in literature for organic solvents in
ompressed CO2 at operation conditions at which the density of
O2 is comparable to the density of CO2 in this study (9 MPa  and
18 K) [26–29]. For CO2 molar fractions xCO2 below 0.8 the mag-
itude of the effective binary diffusion coefﬁcient does not change
igniﬁcantly with the CO2 molar fraction xCO2 . For CO2 molar frac-
ions xCO2 exceeding 0.8 the binary diffusion coefﬁcient shows a
aximum at approximately xCO2 ≈ 0.9 and then drops for higher
olar fractions. The diffusion coefﬁcients measured for ethanol in
O2 (xCO2 ≈ 1) are in good agreement with the diffusion coefﬁcients
f organic solvents in CO2 at similar densities (red open rhombs).
Fig. 8 showed that the transition of region 1 to region 2, which
s the maximum of the CO2 concentration, is also approximately at
CO2 ≈ 0.9. It should be underlined that a logarithmic scale for the
rdinate is used in Fig. 13. During the entire drying process of the
el, the effective binary diffusion coefﬁcient Deff,CO2/EtOH changes
y nearly two orders of magnitude.
Finally it should be noted that the binary diffusion coefﬁcients
omputed for the four different ROIs as a function of the mean
O2 molar fraction xCO2 are slightly different, as it is shown by
he four slightly shifted data point lines in Fig. 13. One reasonl Fluids 108 (2016) 1–12
for this shift could be that our approximation of a completely
one-dimensional mass transport problem is not completely appro-
priate. This approximation has to be checked in future experiments
with gels featuring a bigger diameter. Another explanation could
be that though we  only consider certain ROIs for the computation
of the effective binary diffusion coefﬁcients, we still average over a
span of molar fractions. In ROIs with identical mean molar fraction
xCO2 the range of the molar fractions contained may  be signiﬁcantly
different.
4. Conclusion
The application of the one-dimensional Raman spectroscopy for
the analysis of the drying process of a silica gel provided some
insights into the involved mass transport processes. Firstly at early
drying times the directions of the effective mass transport of CO2
and of ethanol are counter-current and at later drying times become
co-current out of the gel. Strictly speaking, we have to admit that
there are no Raman measurements required to ﬁnd this behavior.
This ﬁnding could also be forecasted solely based on the behav-
ior of the concentrations of the entire mixture, the CO2 and the
ethanol during the drying process, which we  showed in Fig. 8. But
the Raman measurements provide insights about the time scales
required for the extraction of the pore liquid ethanol with CO2 and
about the temporal evolution of the entire drying process. In con-
trast to the NMR  analysis presented in Ref. [21], which can visualize
the distribution of the pore liquid in the entire cross section of the
gel, Raman spectroscopy makes accessible the mixture composi-
tion, meaning that next to the information about the distribution
of the pore liquid also the information about the distribution of
the CO2 is measured. This is essential in order to analyze next
to that one of ethanol also the mass transport of CO2. CO2 is not
detectable with 1H NMR. Also the Raman technique can be mod-
iﬁed to a Raman imaging setup to make the visualization of the
mixture composition in the entire cross section of the gel possible.
In this case the excitation laser beam has to be shaped as a light-
sheet and different cameras have to image this light sheet detecting
the speciﬁc Raman signals of either the pore liquid or the CO2. One
essential advantage of NMR  is that it also can measure in very turbid
environments, meaning in gels that are not transparent for light.
With respect to Raman spectroscopy the gel has to be transpar-
ent (at least to a certain extent) for the excitation light and for the
Raman signals. For NMR  experiments the gel sample together with
the drying “vessel” has to be inserted into the NMR device. Care has
to be taken in order to utilize materials which are compatible with
NMR, which can restrict the realizable operational conditions with
respect to temperature and pressure. Furthermore, the dimensions
of the vessel and the gel sample are limited by the NMR  device.
On the contrary, for the realization of a “mass-transport” Raman
experiment the drying vessel has to be equipped with windows
providing optical access, but the dimensions can be chosen more
or less freely.
Consequently, for the computation of the diffusion coefﬁcients
as a function of the CO2 molar fraction inside the gel (spatially
resolved), the measurement results provided by the applied Raman
technique are essential and cannot be gained easily with a differ-
ent measurement technique. At this stage we  mainly described the
working principle of the measurement technique and discussed
the composition and concentration data obtainable. Additionally
we showed how the effective binary diffusion coefﬁcients can be
computed from them and which conclusions can be drawn on theanalyze the impact of the pore size (this parameter has not been
analyzed and mentioned at all by us) and the impact of pressure
and/or temperature on the effective binary diffusion coefﬁcients,
critical Fluids 108 (2016) 1–12 11
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ppendix A. Computation of concentration from the
easured composition
For the conversion of the measured mixture compositions xCO2
nto the respective concentration of the mixture cmixture, we com-
uted the speciﬁc volume of the mixture vm = 1/cmixture according
o a volume-translated Soave–Redlich–Kwong (SRK) equation of
tate (EOS) [30,31]
 = RT
vm − bm −
am(T)
vm(vm + b) (A.1)
here the mixtures’ parameters (index m)  am and bm were com-
uted according to the one-parameter van der Waals mixing rule
m(T) =
N∑
i=1
N∑
j=1
xixj
√
aiaj(1 − kij) (A.2)
m =
N∑
i=1
xi(bi − ˇi) (A.3)
rom the parameters ai and bi of the pure components i
i(T) = 0.42748
R2T2
crit,i
pcrit,i
˛i(T) (A.4)
i = 0.08664
RTcrit,i
pcrit,i
(A.5)
ith
i(T) =
[
1 + (0.48 + 1.574ωi − 0.176ω2i )
(
1 −
√
Ti
Tcrit,i
)]2
.
(A.6)
ere N is the number of components (for the binary mixture
 = 2), xi is the molar fraction of component i in the mixture,
i is the acentric factor taken from literature [32] (ωEtOH = 0.644
nd ωCO2 = 0.239), Tcrit,i and pcrit,i are the critical parameters of
he compounds, respectively, Tcrit,CO2 = 304.2 K, Tcrit,EtOH = 513.9 K,
crit,CO2 = 7.38 MPa  and pcrit,EtOH = 6.14 MPa. kij is the binary inter-
ction parameter, which for the system ethanol + CO2 can be taken
rom literature [33].
In the common form of the SRK-EOS the parameters ˇi are
ero and simply do not exist therefore. Here we  installed the
arameters ˇi in order to optimize the SRK-EOS for the compu-
ation of the speciﬁc volume vm of the mixture. This approach
ollows Gmehling et al. [34], who implemented the same parameter
there not called ˇi, but ci, which in the context of this manuscript
s already reserved for concentrations) into the Peng–Robinson
PR)-EOS, and with this were able to also predict accurately the
peciﬁc volume vm of the liquid phase of mixtures, which before
ould be assured only for the speciﬁc volumes vm of the gaseousethanol + CO2 taken from literature (data points) [33] and computed with the
volume-translated SRK-EOS using the parameters listed in Table A.1 before (gray
line) and after (dashed black line) the parameters have been modiﬁed at 313.14 K.
phase of mixtures. As this modiﬁed PR-EOS today is known as the
Volume-Translated-Peng–Robinson (VTPR)-EOS [34], we  adopted
the adjective “volume-translated” for the SRK-EOS. The optimiza-
tion with respect to the speciﬁc volume of a liquid-like phase is
described below.
It is known that the SRK-EOS, which originally does not con-
tain the parameter ˇi, can accurately reﬂect the compositions of
coexisting phases, but cannot accurately describe the speciﬁc vol-
ume  vm of the binary mixture’s liquid-phase [35]. Therefore, in
order to describe the speciﬁc volume vm of the liquid-like mix-
ture of ethanol and CO2 for at least the pressure and temperature
conditions of the drying process (9.0 MPa  and 318.15 K), we  had
to adjust – in a three step process – the parameters ˇEtOH and
ˇCO2 , which correct the co-volumes bEtOH and bCO2 of the pure
compounds, and the binary interaction parameter kEtOH,CO2 . Firstly,
ˇEtOH and ˇCO2 were set to zero, meaning that initially the com-
mon  form of the SRK-EOS was considered. With that the binary
interaction parameter kEtOH,CO2 = 0.089 was ﬁtted in order to
achieve an optimum agreement of the SRK-EOS with composi-
tion data of coexisting phases taken from literature [33]. However,
for pure ethanol and pure CO2 at 9.0 MPa  and 318.15 K, the spe-
ciﬁc volumes vCO2,9 MPa,318.15 K and vEtOH,9 MPa,318.15 K computed
with the SRK-EOS did not agree with the respective speciﬁc vol-
umes vCO2,9 MPa,318.15 K and vEtOH,9 MPa,318.15 K reported in literature
[36,37]. Therefore, in a second step the co-volumes bEtOH and bCO2
were corrected by adjusting the parameters ˇEtOH and ˇCO2 so that
the speciﬁc volumes of the pure compounds at 9 MPa  and 318.15 K
reported in literature and computed with the volume translated
SRK-EOS were identical. As from now on also the parameters ˇEtOH
and ˇCO2 become relevant, of course the agreement between the
compositions reported for coexisting phases of the binary system
ethanol + CO2 and those computed with the SRK-EOS got worse.
Therefore, in a third and ﬁnal step the binary interaction parame-
ter kEtOH,CO2 had to be ﬁtted again – now using the newly identiﬁed
parameters ˇEtOH and ˇCO2 – to the compositions of coexisting
phases taken from literature. This ﬁnal step is required as the binary
interaction parameter kEtOH,CO2 is relevant for the computation of
the speciﬁc molar volume vm = 1/cmixture according to the volume
translated SRK-EOS, from which we  derived the concentration of
the mixture cmixture. Table A.1 lists the parameters of the volume
translated SRK-EOS, which were modiﬁed in order to achieve an
agreement between the real and the computed speciﬁc volumes of
the pure compounds ethanol and CO2. Fig. A.1 shows that also with
the volume optimized parameters of the SRK-EOS, the measured
(data points) [33] and computed pressure-composition data are in
agreement. The gray lines represent the computed phase equilibria
before and the black dashed lines those after the correction proce-
dure. Finally, it has to be underlined that the parameters ˇEtOH and
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Table A.1
Tabulation of the parameters of the Soave–Redlich–Kwong (SRK) equation of state (EOS), which were modiﬁed in order to achieve an agreement with the real and the
computed speciﬁc volumes of the pure compounds ethanol (EtOH) and carbon dioxide (CO2).
Before adjusting the parameters ˇEtOH and ˇCO2 After adjustment of the parameters ˇEtOH and ˇCO2
bEtOH + ˇEtOH (0.0603 + 0) mL  mol−1 (0.0603 + 0.0087) mL  mol−1
bCO2 + ˇCO2 (0.02968 + 0) mL  mol−1 (0.02968 + 0.00054) mL mol−1
kEtOH,CO2 0.089 0.015
Computed vEtOH,9 MPa,318.15 K 0.07122 L mol−1 0.05892 L mol−1
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systems, in: P. Linstrom, W.  Mallard (Eds.), NIST Chemistry Web  Book, NIST
Standard Reference Database, National Institute of Standards and Technology,Real (NIST) vEtOH,9 MPa,318.15 K 0.05922
Computed vCO2,9 MPa,318.15 K 0.1383 L mol
−1
Real (NIST) vCO2,9 MPa,318.15 K 0.1295
CO2 here were adjusted for 9 MPa  and 318.15 K, only. For other
emperatures and pressures they have to be newly adjusted with
his three-step method.
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